Study Objectives: To quantify the association between insomnia or poor sleep with objective short sleep duration and incident cardiovascular disease (CVD) and mortality in the general population.
Introduction
Cardiovascular disease (CVD) remains the leading cause of mortality for both men and women worldwide. In the United States, CVD accounted for 28 per cent of all deaths in 2014 [1] , despite public health initiatives addressing established risk factors. As such, there has been a call to rebalance efforts to mitigate CVD risk factors as well as to redirect attention towards examining novel lifestyle factors, such as sleep disturbance [2] .
Insomnia and short sleep duration are associated with pathophysiological mechanisms underlying CVD [3] [4] [5] , and each has been associated with prevalent and incident CVD [3, [6] [7] [8] . Insomnia symptoms, evaluated independent of sleep duration, also have been associated with hypertension, diabetes, and increased risk for coronary artery disease and congestive heart failure [3, 9, 10] . Although most epidemiological studies have evaluated each exposure (insomnia; short sleep) without consideration of the other, seminal work by Vgontzas, Fernandez-Mendoza, et al. suggests that the co-occurrence of insomnia with objective short sleep duration represents the most biologically severe phenotype of insomnia disorder [11, 12] . Of particular relevance to CVD, data derived from several experimental and community-based studies have indicated that insomnia with objective short sleep duration is associated with activation of the hypothalamic-pituitary-adrenal axis [11, [13] [14] [15] and increased neurocognitive-physiological arousal [13, [16] [17] [18] . The clinical importance of these findings is reflected in epidemiological data, mainly from a single cohort, which suggest that combining polysomnography (PSG) data on sleep duration with information on insomnia can identify individuals at higher risk for diabetes [19] and hypertension [20, 21] , and men at increased risk of all-cause mortality [22] .
Given the literature indicating that insomnia plus PSGmeasured short sleep duration is associated with an increased burden of CVD risk factors, we hypothesized that this phenotype would also confer higher risk of incident CVD. Therefore, in this study, we quantified the association between self-reported insomnia symptoms or poor sleep with objective short sleep duration and incident CVD in a sample of 4994 men and women, participating in the Sleep Heart Health Study (SHHS), representing the largest, prospective cohort with information on insomnia and PSG-determined sleep duration to date.
Given that only one previous study examined the association between insomnia with PSG-short sleep and all-cause mortality, we also evaluated the association of this phenotype with allcause mortality. Due to the greater availability of self-reported sleep duration compared with PSG sleep duration, we also explored whether self-reported short sleep and self-reported insomnia symptoms or poor sleep were associated with incident CVD. Finally, we explored whether any associations differed by sex.
Methods

Study sample
Data were derived from the SHHS, a multicenter, communitybased prospective cohort study designed to evaluate associations between sleep-disordered breathing and CVD. Between 1995 and 1998, 6441 participants were enrolled from existing community-based cohorts, as described previously [23] . Eligible participants were at least 40 years old and not receiving active treatment for obstructive sleep apnea (e.g. continuous positive airway pressure, oral appliance, and oxygen therapy) [24] . Habitual snorers of less than 65 years old and persons of ethnic minorities were oversampled. The samples used in this analysis consist data from four "parent" cohorts (Atherosclerosis Risk in Communities Study, Cardiovascular Health Study, Framingham Heart Study, and Tucson Epidemiologic Study of Airway Obstructive Disease and the Health and Environment Study), and are publicly available (National Sleep Research Resource; sleepdata.org).
Our analytical sample included all SHHS participants who successfully completed baseline PSG. Of these 5061 participants, 67 were excluded for missing covariate data, leaving 4994 participants for analyses. For the incident CVD analyses, we excluded an additional 557 participants with prevalent CVD at baseline.
Protocol
At baseline, participants completed a Sleep Habits Questionnaire that elicited standardized information on sleep symptoms and patterns. Trained research technicians conducted interviews querying about cardiovascular health, health habits, and medication use; performed anthropometry and blood pressure measurements; and obtained at-home single-night unattended PSG [25] . PSG consisted of a portable monitor (Compumedics P-series, Abbotsford, Victoria, Australia) recording of electroencephalogram, electrooculogram, electrocardiogram, chin electromyogram, pulse oximetry, chest and abdominal excursion by inductance plethysmography, airflow by thermal sensor, and body position channels. Scoring was performed at central reading center [26, 27] . Additional covariate data were provided by the parent cohorts and included cardiovascular event and mortality surveillance through May 2011. Our analyses were considered exempt by our Institutional Review Board based on 45CFR46.101(b)(4).
Incident cardiovascular disease and mortality outcomes
Incident CVD was defined as the date of first event of nonfatal or fatal myocardial infarction, angina pectoris, revascularization procedure (i.e. percutaneous transcutaneous angioplasty, coronary stent placement, or coronary artery bypass grafting), or stroke between date of PSG and end of follow-up. CVD surveillance was performed by the parent cohorts according to cohort-specific protocols that have been previously described [28] . The cohorts conducted annual questionnaires or telephone follow-up and periodic research examinations [29] . When a participant was not able to be reached, all known contacts were called to determine the participant's vital status. All potential events, including deaths, were investigated through review of medical records. Information from hospital records included electrocardiograms, stress tests, heart catheterizations, cardiac surgery, angioplasty, echocardiography, nuclear medicine scans, radiographs, computed tomography and magnetic resonance imaging, cerebral angiograms, lumbar punctures, pathology reports, death certificates, autopsy reports, and laboratory tests. Searches of community obituaries and local death registries linked to the Social Security Administration Death Master File [29] were also performed. Event classifications were reviewed by standing committees and adjudicated according to predefined protocols [30] [31] [32] .
Assessment of the primary exposure: insomnia or poor sleep with short sleep duration
We classified participants as having "insomnia or poor sleep" based upon self-report of at least one of the following four questionnaire items, with affirmative responses occurring 16-30 nights per month: "Have trouble falling asleep," "Wake up during the night and have difficulty getting back to sleep," "Wake up too early in the morning and be unable to get back to sleep," or "Take sleeping pills or other medication to help you sleep." A self-report of diagnosed insomnia was not included in this definition. PSG-measured sleep duration was derived from the overnight sleep study, scored using Rechtschaffen and Kales criteria at a centralized reading center by trained research technicians blinded to all clinical data [25] . The primary definition of short sleep duration was defined as total sleep time of less than 6 hr on PSG, a threshold commonly used to define short sleep in adults in the epidemiological literature, including in the Penn State cohort [6, 33] . In secondary analyses, self-reported average sleep duration was based on responses to the questions: "How many hours of sleep do you usually get at night (or your main sleep period) on weekdays or workdays?" and "How many hours of sleep do you usually get at night (or your main sleep period) on weekends or your non-workdays?" Weekday hours were weighted in a 5:2 ratio with weekend hours. Given our interest in evaluating risk associations with phenotypes described by both the presence and absence of short sleep and the presence and absence of insomnia or poor sleep, we classified each person according to the four categories: (1) neither insomnia or poor sleep nor short sleep duration (reference group); (2) insomnia or poor sleep only; (3) short sleep duration only; and (4) insomnia or poor sleep with short sleep duration.
Additional covariates
Sociodemographic characteristics and health habits included baseline age, sex, race/ethnicity (non-Hispanic white, other), and smoking status (current, former, never). Apnea-hypopnea index (AHI) was derived from the PSG [25] . AHI was defined as the average number of obstructive apneas plus hypopneas associated with ≥3 per cent oxygen desaturation per hour of sleep. Antidepressants use within 2 weeks of the exam was identified by standardized recording of medication usage. Cardiometabolic factors included body mass index (BMI) determined by measured weight and height, hypertension, and total cholesterol and high-density lipoprotein (HDL). Blood pressure was measured via a standardized protocol. Hypertension was defined as an average systolic blood pressure (SBP) of >140 mm Hg or average diastolic blood pressure (DBP) of >90 mm Hg, or use of antihypertensive medications. Diabetes status was determined by self-report or use of insulin or hypoglycemic medications. Total cholesterol and HDL cholesterol values were measured by the parent cohorts (n = 4568).
Statistical analysis
Analyses were performed using SAS (v. 9.3, Cary, NC). For each analysis, survival time was defined from date of baseline PSG until date of first event or date of censor. Censoring time was the time of last known event-free status for those without incident events. Baseline characteristics are reported for each of the four insomnia or poor sleep and/or short sleep duration combinations. Differences in baseline characteristics across groups were tested using Pearson's chi-squared tests for categorical variables and ANOVA for continuous variables. Unadjusted time-to-mortality (or CVD) event analysis was conducted by plotting the Kaplan-Meier cumulative incidence curves for each group and computing the log-rank statistic. To adjust for confounding in the time-to-event analysis and to improve model efficiency, a multiple propensity approach was used [34] . Briefly, multiple propensity scores were created in a multinomial logistic regression of age, sex, race, smoking status, AHI, BMI, antidepressant use, and history of CVD (for mortality analyses only) on the four groups (dependent variable). After obtaining the propensity scores from this model, a propensity-adjusted Cox Proportional Hazards model was formed using our exposure of interest (four groups), along with the multiple propensity scores, which were fitted with restricted cubic spline functions. Boxand-whisker plots of the distributions of the multiple propensity scores were examined to ensure adequate overlap between scores. Propensity model balance was confirmed with all model covariates having p > .05 when re-running the propensity model with the addition of the multiple propensity scores. The proportional hazards assumption was tested using a time-dependent interaction term between the four exposure combinations and follow-up time; we found no evidence that the relationship between our exposures and either outcome varied over time during the follow-up period (CVD, p = .61; all-cause mortality, p = .82). Additive interaction was assessed using the relative excess risk due to interaction (RERI) [35] . Wald chi-squared p-values for the multiplicative and additive interaction terms, as well as for the three exposure groups versus the reference group, were used to determine significance at the p < .05 level, and hazard ratios and corresponding 95% confidence intervals were determined.
In prespecified secondary analyses, we examined the relationship between insomnia or poor sleep with self-reported (rather than objective PSG) sleep duration and incident CVD and mortality. We also examined models that included hypertension, diabetes, total cholesterol, and HDL (potential mediators). We repeated these procedures in sensitivity analyses for the outcome, all-cause mortality. We performed tests of interaction to examine potential sex differences. Using similar procedures, we conducted sensitivity analyses examining the relationships between insomnia or poor sleep with objective short sleep duration and "hard" CVD outcomes (i.e., myocardial infarction and CVD death only) as well as coronary heart disease (CHD: myocardial infarction, revascularization, and CHD death only). We performed additional sensitivity analyses using less than 5 hr as our cutoff for short sleep duration and ran additional models excluding participants reporting antidepressant use and hypnotic use for both outcomes of interest, separately. Lastly, we excluded participants from studies where battery limitations resulted in termination of the PSG recording before final awakening (n = 1713).
Results
Baseline characteristics of the participants by self-reported insomnia or poor sleep and objective short sleep duration category are displayed in Table 1 . Participants with insomnia or poor sleep were of similar age to participants without insomnia or poor sleep within strata of sleep duration. As expected, participants with insomnia or poor sleep tended to be female and, within strata of sleep duration, reported higher rates of smoking and antidepressant use, compared with participants without insomnia or poor sleep. Hypertension was also more prevalent among participants with insomnia or poor sleep within sleep duration strata as well as among short sleepers with and without insomnia or poor sleep. Prespecified secondary analyses suggested similar although less precise estimates for the association between insomnia or poor sleep with self-reported short sleep duration and CVD (insomnia or poor sleep with self-reported short sleep: adjusted HR, 1.28; 95% CI, 0.94, 1.80). We found no evidence that hypertension mediated the association between insomnia or poor sleep with objective short sleep duration and CVD. Results did not change with adjustment for additional CVD risk factors (i.e. diabetes, total cholesterol, and HDL) or including both hypertension and diabetes in the model (Table 2) . Results were similar in our sensitivity analyses when we defined our outcomes as CHD only or "myocardial infarction and CVD death only", excluded participants with antidepressant use, excluded participants with hypnotic use, and excluded participants with truncated PSG recordings related to battery life. When we redefined our exposure as insomnia or poor sleep with PSG-short sleep duration (<5 hr), the hazard ratio increased, but this estimate was less precise (HR: 1.52, 95% CI: 1.08, 2.14).
Incident CVD
Among 4437 CVD-free participants at baseline, we observed 818 incident CVD events, including 99 participants with angina pectoris, 222 myocardial infarctions, 250 coronary revascularization procedures, 159 strokes, and 88 CVD deaths during a median follow-up period of 11.4 years (IQR, 8.8-12.4 years). The unadjusted rate of incident CVD was 15.5 events per 1000 person-years of follow-up in the reference group (no insomnia or poor sleep, sleep duration >6 hr), 14.4 events per 1000 person-years in the insomnia or poor sleep only group, 21.8 events per 1000 personyears in the short sleep duration only group, and 25.8 events per 1000 person-years in the insomnia or poor sleep with short sleep duration group
Mortality
Among 4994 participants at baseline, we observed 1163 deaths, including 355 CVD deaths, during a median follow-up period In prespecified secondary analyses, results did not differ substantively when we explored the association between insomnia or poor sleep with self-reported short sleep duration and mortality (HR: 1.03, 95% CI: 0.80, 1.33). Furthermore, we found no evidence that hypertension or diabetes mediated the association between insomnia or poor sleep with objective short sleep duration and mortality. Results were similar when we excluded participants with hypnotic use or truncated PSG recordings. When we redefined our exposure using insomnia or poor sleep with PSG-short sleep duration (<5 hr), the hazard ratio increased, but this estimate was less precise (HR: 1.25, 95% CI: 0.94, 1.65).
Discussion
In the largest prospective cohort study of insomnia or poor sleep with objective short sleep duration to date, we found that participants with insomnia or poor sleep characterized by symptoms occurring 16-30 times per month, and a PSG-defined sleep duration of less than 6 hr had a 29% higher risk of incident CVD compared with participants without insomnia or poor sleep and an objective sleep duration of at least 6 hr. Presence of insomnia or poor sleep only (with at least 6 hr of PSG sleep duration) or short sleep only (without insomnia or poor sleep) was not associated with incident CVD. Results from secondary analyses suggest that insomnia or poor sleep with self-reported short sleep duration is similarly associated with increased CVD incidence, though estimates were less precise and not statistically significant. Lastly, the associations between insomnia or poor sleep with objective short sleep duration and CVD were not attenuated after adjusting for hypertension or diabetes.
Our findings are consistent with prior studies that showed higher risk of CVD risk factors in association with insomnia with PSG-determined short sleep, but not insomnia with normal objective sleep duration [19] [20] [21] 36] . The only other prospective cohort study examining insomnia with objective short sleep duration and CVD risk to date (the Penn State community-based cohort study) observed a higher incidence of hypertension with insomnia and PSG short sleep compared with the reference group (no insomnia; sleep duration >6 hr) [19] . We extend these findings by showing that this phenotype is also associated with a higher risk of incident, major cardiovascular events, further supporting the clinical relevance of this phenotype. Thus, our findings support the hypothesis, suggested by Vgontzas and colleagues, that insomnia with objective short sleep duration is a unique phenotype that is associated with higher CVD risk. Previous clinical and experimental studies investigating potential mechanisms underlying this association have suggested that patients with insomnia and objective short sleep duration display dysregulation of the hypothalamic-pituitary-adrenal axis and glucose metabolism [11, 14, 37] and alterations in cardiovascular autonomic control [16, 17] , as well as abnormal brain metabolism [17] . Furthermore, our findings suggest that future investigations of sleep-related CVD risk should consider insomnia symptoms and sleep duration concurrently, as considering only one feature may provide an incomplete characterization of clinically relevant sleep phenotypes and their impact on health outcomes.
In contrast to our findings regarding incident fatal or nonfatal CVD, we found that short sleep duration only, but not insomnia or poor sleep with PSG-defined short sleep, was significantly associated with all-cause mortality. In contrast, the Penn State Cohort previously reported that insomnia with objective short sleep was associated with increased mortality in men [22] . These discrepant findings may be due to cohort differences (Penn State vs SHHS) in the following: (1) variation in the definition of insomnia, with Penn State defining insomnia as a self-reported complaint of insomnia with a duration of at least 1 year; (2) differences in PSG (in-lab for Penn State and in-home for SHHS); (3) analytic approaches (logistic regression vs survival analysis); (4) prevalence of diabetes (21.1% in men vs 7.4% overall), which may mediate or modify the effect of insomnia (or poor sleep) with short sleep duration on mortality; (5) number of deaths observed (Penn State 145 men/103 women vs SHHS 619 men/544 women); and (6) mean age of each cohort when first studied (42 years vs 64 years for the Penn State vs SHHS, respectively). In regard to this difference, the observed effects of insomnia or sleep disturbance on mortality may vary by age of the cohort, and this may be attributable to variation in insomnia or sleep disturbance by age, competing risks, or differential baseline mortality rates. The health impact of insomnia also may be more salient when chronicity is accounted for, as was done in the Penn State cohort, or characterized by daytime impairment. Although our definition of insomnia or poor sleep required a high symptom frequency (16-30 days) , our definition did not include criteria related to daytime impairment, chronicity, or formal diagnostic assessment, and therefore, our classification of insomnia or poor sleep may represent a less severe phenotype.
We also explored whether insomnia or poor sleep with selfreported short sleep yielded similar associations with CVD compared with short sleep defined by single-night PSG. Although there is only weak correlation (r = 0.16) between self-reported and PSG-defined sleep duration in this cohort, insomnia or poor sleep with self-reported short sleep suggested comparable, although less precise, estimates of CVD risk compared with insomnia or poor sleep and PSG-defined short sleep. Insomnia or poor sleep with short self-reported sleep duration has previously been shown in several [38] [39] [40] [41] , but not all, prospective studies to predict CVD and mortality [42, 43] . Additionally, one cross-sectional study that used diagnostic criteria for insomnia disorder observed higher risk of stroke and myocardial infarction in participants with insomnia with self-reported short sleep [44] . The possibly stronger and unique information provided by PSG-measured sleep duration is consistent with recent findings by Bathgate et al., who showed that hypertension was associated with insomnia with PSG-short sleep, but not with insomnia with diary-reported short sleep [20] . It should also be noted that each measurement approach has different strengths and weaknesses and may identify somewhat different subgroups. Although PSG is the gold-standard for assessing sleep, its costs and burden preclude its widespread use in epidemiological and clinical studies. Data from a single night study may also underestimate sleep duration, a phenomenon referred to as a "first night effect." Although commonly considered a source of measurement error, it is possible that individuals with a greater "first night effect" (or shorter sleep duration) comprise a group with heightened arousal responses that place them at increased risk for adverse health outcomes [45] . Supporting this notion, studies that have >1 night of in-laboratory PSG [46, 47] and at-home actigraphy [13, 16] have observed physiological hyperarousal in insomniacs with short sleep duration. Alternatively, selfreported sleep, which is relatively easy to assess and is widely used in the epidemiological literature, only modestly correlates with prospective sleep diaries and correlates weakly with actigraphy-derived sleep duration [41] [42] [43] [44] . Nonetheless, self-reported information describes patient-centered concerns, which increasingly are recognized as relevant for clinical care and for directing therapeutic intervention, and may provide a more representative measure of chronic sleep patterns. Although further elucidation of possible differences in the mechanisms that relate alternative sleep phenotypes to chronic health conditions is needed, our results suggest that identifying short sleep by either self-report or PSG may improve characterization of a subgroup with insomnia or poor sleep at increased CVD risk.
We analyzed our exposures as both unique phenotypes as well as tested for statistical interactions between each "exposure." We did not demonstrate significant statistical interactions between these variables, possibly due to limited power. In contrast, we showed distinct associations for categorical definitions of insomnia or poor sleep with/without short sleep, consistent with the effect of a unique "short sleep/insomnia" phenotype.
Our study has several strengths, including the prospective design, relatively large sample of men and women, ability to adjust for sleep-disordered breathing, and rigorous adjudication of CVD events. Nevertheless, there are also several limitations that merit consideration. Objective sleep duration was determined by a single-night PSG and may not represent habitual sleep, but rather may identify individuals who have high levels of stress reactivity in response to PSG. Our PSG data were derived from at-home recordings, and though patients may be more comfortable in their own homes than in-laboratory, patients with insomnia may experience improved sleep in the laboratory setting (i.e. reverse night effects) [48] and are expected to display more variability in sleep in the home setting [49] . It should also be noted that in our study, insomnia or poor sleep was defined using self-reported questions ascertaining information on symptoms and sleep medication use, and not on clinical assessment or diagnostic criteria, and therefore, our exposed group did not uniformly represent those with insomnia disorder. The requirement for daytime impairment or use of clinical diagnostic assessment may identify a more severe group than we characterized. Nonetheless, the questionnaires were administered using standardized procedures and our definition of insomnia included specific questions on symptoms that comprise much of the current diagnostic criteria. We did not have sufficient information to classify the chronicity or severity of insomnia or poor sleep, which may have further improved characterization. Although we adjusted for a number of key potential confounders, we did not have consistent data on alcohol use and only limited data were available to assess depression or other mood disorders. Data were not consistently available on medication use on the night of the PSG, precluding an assessment of acute medication effects on PSG sleep parameters.
Conclusions
Our study indicates that insomnia or poor sleep with objective short sleep duration reflects a vulnerable phenotype associated with a higher risk of CVD. Our findings support the need to characterize both objective sleep duration and insomnia symptoms in risk assessments. Further research aimed at elucidating the metabolic and vascular correlates of insomnia or poor sleep and short sleep will improve our understanding of the CVD risk associated with these findings. The study supports studies of interventions targeting both sleep problems as levers for minimizing CVD.
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